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Abstract: There are two kinds of new physics effects on non-resonant di-Higgs process
from gluon fusion, non-SM Higgs trilinear self-coupling λhhh or new colored particles run-
ning in the loop. With the aim of disentangling different new physics contributions, we
study their characteristics in the kinematic distributions. Assuming that the total cross
section is observed to be about three times as large as the SM expectation, we consider the
cases of λhhh/λ
SM
hhh = −0.5, 5.5 as well as a new physics model with heavy vectorlike quarks
in a type-II two Higgs double model, called the VLQ-2HDM. A reasonable benchmark point
is suggested in the exact wrong-sign limit, where the opposite sign between the up-type
VLQ and down-type VLQ couplings to the Higgs boson causes the cancellation of their
contributions to the single-Higgs production from gluon fusion. Because of the threshold
effects from the heavy VLQs in the loop, the VLQ-2HDM accommodates the bumps in
the distributions of the invariant mass of the Higgs boson pair (Mhh) and the transverse
momentum of a Higgs boson (phT ). The positions of two bumps are closely related as
Mhh ' 2MVLQ and phT ' MVLQ. In addition, the bumps located at the heavy VLQ mass
naturally lift up the Mhh and p
h
T distributions into high-mass and high-p
h
T regions. On the
other hand, the non-SM Higgs trilinear coupling cases have the distributions shift into low
Mhh and p
h
T regions. Therefore, the kinematic region with high Mhh and high p
h
T will be a
smoking-gun signal for the VLQ-2HDM. Full HL-LHC simulations for the di-Higgs signals
are also performed, confirming that the bb¯bb¯ final state can distinguish the VLQ-2HDM.
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1 Introduction
In particle physics, a great step forward in knowledge or model building has always been
realized by the observation of a new interaction vertex. The discovery of the Higgs boson at
the LHC by the ATLAS and CMS collaborations [1, 2] was also based on the measurement
of the couplings of a new scalar boson to vector bosons and the third generation fermions.
Even though all of the experimental results conform to the phenomenology of the standard
model (SM) Higgs boson [3], proving the converse, the discovery of the SM Higgs boson,
requires additional and unprecedented steps, measuring the Higgs trilinear and quartic
self-couplings as well as the couplings to the first and second generation fermions. At the
high-luminosity LHC (HL-LHC), two couplings among them are expected to be observed,
the Higgs coupling to a muon pair and the Higgs trilinear self-coupling λhhh [4, 5]. As the
Higgs self-interaction is the key to understand electroweak symmetry breaking, vacuum
stability, and electroweak phase transition, the new physics (NP) hunters rely more on
λhhh, which is to be probed via Higgs boson pair production at the LHC, simply called the
di-Higgs process [5–9].
The major production channel for the di-Higgs process is the gluon-gluon fusion, which
receives the contributions from the triangle and box diagrams through the top and bottom
quarks in the SM [10, 11]. The triangle diagram is mediated by the Higgs boson in s-
channel, providing the connection to λhhh. There are three main ways to accommodate
NP effects on gg → hh. The first is the resonant production of the Higgs boson pair
through a new scalar boson or the spin-2 Kaluza-Klein graviton in the Randall-Sundrum
model [12–17]. The second is non-SM Higgs trilinear self-coupling [18–21], parameterized
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by the Higgs coupling modifier κλ ≡ λhhh/λSMhhh. The third is to introduce new colored
particles in the triangle and box diagrams [22–30].1
Since resonant Higgs boson pair production can be identified through a peak in the
distribution of the invariant mass of the Higgs boson pair, experimentalists usually present
the di-Higgs results in two modes, non-resonant and resonant ones [35, 36]. And the result
of non-resonant mode is usually translated into the limit on κλ such that the latest one is
−5.0 < κλ < 12.0 at 95% confidence level [35]. Even though this is a reasonable choice at
the moment with the very small number of signal events, we point out that non-resonant NP
effects have another source of new colored particles. Expecting higher discovery potential
of the di-Higgs process in the future, the key question is how to distinguish different non-
resonant NP effects if we observe considerably a large di-Higgs production cross section.
A unique feature of heavy particles running in the loop is their threshold effect. One
good example is the top quark threshold contributions to the gluon fusion production of
a photon pair at the LHC [37], which appears as a bump around Mγγ ' 2mt. Any new
heavy particle F in the loop, if enhancing the di-Higgs process, would yield a similar bump
structure in the Mhh distribution [26]. Simply with non-SM Higgs trilinear self-coupling, we
cannot accommodate this irregular structure of the threshold origin. In addition, a naive
parton level kinematics in the limit of MF  mh predicts that the events corresponding
to Mhh ' 2MF prefer phT 'MF when the longitudinal motion is soft. A correlation in the
Mhh and p
h
T distributions can be a smoking-gun signal for the new colored particles in the
loop of the di-Higgs process. This is our driving motivation.
We shall begin with the assumption that the total production cross section of the di-
Higgs process would be about three times as large as the SM expectation, i.e., σNP/σSM(gg →
hh) ' 3. For the new colored particles, we consider the vectorlike quarks (VLQs) with
a mass around the electroweak scale, which not only appear in many new physics mod-
els [38–53] but also fit well with the Higgs precision data [54, 55]. A crucial factor here
is the correlation between the single-Higgs and di-Higgs production rates, because the
same triangle diagrams from the VLQs in the di-Higgs process occur in the single-Higgs
process. The constraint from the observed single-Higgs production is too strong to allow
σNP/σSM(gg → hh) ' 3 if the Higgs boson couplings to the VLQs are the SM-like. We shall
show that this correlation can be broken by extending the Higgs sector into the type-II two
Higgs doublet model (2HDM) [56] in the exact wrong-sign limit [57–61]: the model is to be
called the VLQ-2HDM. A full analytic calculation of the form factors in the VLQ-2HDM
is also required in order to properly accommodate the bump structures in the Mhh and p
h
T
distributions, which we will show in subsequent sections.
As one of the most challenging and significant processes to observe at the LHC, the di-
Higgs process has been intensively studied at the state-of-art level. Theoretically the total
production cross section was calculated at next-to-next-to-next-to-leading order (N3LO) in
the infinite top-quark mass limit and the next-to-leading order (NLO) with full top-quark
mass dependence [62–66]. The search strategies to maximize the discovery sensitivity have
1There is another interesting way through model-independent dimension-six effective operators, which
yields the derivative cubic Higgs coupling [31–34].
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been suggested for different decay channels such as bb¯bb¯ [67], bb¯γγ [68, 69], and bb¯WW (∗) [70,
71]. On the experimental side, the ATLAS [35, 72] and CMS collaborations [36] have
performed the search, in different final states such as bb¯bb¯ [73–77], bb¯WW (∗) [78, 79],
bb¯τ+τ− [80], bb¯γγ [74, 81–83], γγWW (∗) [84, 85], and WW (∗)WW (∗) [86]. In view of these
circumstances, a full collider simulation of the signal is inevitable to claim a new method
for disentangling non-resonant NP effects on the di-Higgs process. We shall perform the
HL-LHC simulation in the bb¯bb¯ and bb¯γγ final states for the NP signals of the VLQ-2HDM,
κλ = −0.5, and κλ = 5.5, all of which yield σNP/σSM(gg → hh) ' 3. It will be shown that
the correlated pattern in the high phT and high Mhh regions for the bb¯bb¯ final state is of
great use to distinguish the VLQ-2HDM from the κλ 6= 1 models.
The paper is organized in the following way. In Sec. 2, we begin with summarizing
the characteristics of Higgs boson pair production from gluon fusion. Focusing on the
non-resonant case, we parameterize the NP effects and motivate our model, the VLQ-
2HDM. In Sec. 3, we briefly review the VLQ-2HDM and suggest an ansatz for vanishing
Peskin-Takeuchi parameter Tˆ [87]. In Sec. 4, we present the parton-level study of the
VLQ-2HDM effects on the di-Higgs process, including the full analytic calculation of the
form factors from new VLQs. For a benchmark point in the exact wrong-sign limit, we
show the differences among different NP models in the kinematic distributions of phT and
Mhh. Section 5 deals with the full HL-LHC simulations of three NP models and the SM
in the bb¯bb¯ and bb¯γγ final states, focusing on the double differential cross sections. Section
6 contains our conclusions.
2 Non-resonant di-Higgs production from gluon fusion
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Figure 1: Representative Feynman diagrams for the di-Higgs process via gluon-gluon fu-
sion at the LHC. In addition to the SM top and bottom quarks, new VLQs (Qi = U1,2,D1,2)
also contribute to the triangle and box diagrams.
Gluon-gluon fusion production of a pair of Higgs bosons is a loop-induced process from
two types of Feynman diagrams, triangle and box diagrams: see Fig. 1. In the SM, the
top quark makes major contribution to the process in both diagrams. Since the triangle
diagram is solely mediated by the Higgs boson in s-channel, the Higgs trilinear coupling
– 3 –
can be probed. The partonic differential cross section to leading order is [11]
dσˆSM(gg → hh)
dtˆ
=
G2Fα
2
s
256(2pi)3
[∣∣∣∣λSMhhh vsˆ−m2h + imhΓh F4 + F
∣∣∣∣2 + |G|2
]
, (2.1)
where λSMhhh
(
= 3m2h/v
)
is the Higgs trilinear self-coupling, and the expressions for F4, F,
and G are referred to Ref. [11]. In the low-energy theorem (LET) where m2Q  sˆ−m2h,
the form factors are simplified as
FLET4 '
2
3
, FLET ' −
2
3
, GLET ' 0, (2.2)
which clearly show the destructive interference between the triangle and box diagrams.
Special attention is required when using Eq. (2.2). Although they are useful in estimating
the total production cross section, the kinematic distributions based on the approximated
form factors are significantly different from the exact calculations, especially in the high
pT region [88].
For illustrative purpose, we assume that the di-Higgs process is observed at the HL-
LHC with the total cross section about three times as large as the SM prediction:
σ(gg → hh)NP
σ(gg → hh)SM
∣∣∣∣
14 TeV
' 3. (2.3)
We further suppose that the possibility of resonant Higgs boson pair production is ruled out
from the study of the invariant-mass distribution of two Higgs bosons (via e.g. hh→ bb¯γγ
[68]). For non-resonant sources of Eq. (2.3), we consider the following two kinds of NP
effects:
(i) κλ = −0.5, 5.5;
(ii) new VLQs.
Two NP effects are effectively parameterized by κλ, δ4, δ, and δ′, which change the
partonic differential cross section into
dσˆ(gg → hh)NP
dtˆ
(2.4)
=
G2Fα
2
s
256(2pi)3
[ ∣∣∣∣κλ 3m2hsˆ−m2h (F4 + 23δ4)+ (F − 23δ)
∣∣∣∣2 + ∣∣G + δ′∣∣2
]
.
For the case (i), we take the SM except for the Higgs trilinear self-coupling. Let us
make some comments on the values of κλ = −0.5 and κλ = 5.5, which are chosen, as simple
representative numbers, to approximately satisfy σNP/σSM(gg → hh) ' 3. Our calculation
of the signal in what follows is at leading order. However, the K-factor in the SM is not only
quite large like 1.9 at NNLO but also significantly varying with the transverse momentum
of the Higgs boson [89]. Without a reliable NLO calculation in the NP model, tuning the
value of κλ to exactly get σNP/σSM|LO = 3 is not of much importance. Moreover, our main
– 4 –
results rely on the shapes of kinematic distributions, rather than the total cross section. For
the case (ii), we extend the SM quark sector by introducing new heavy VLQs.2 Of course,
there is a possibility that both (i) and (ii) occur simultaneously. Since the combined effect
is very different according to the relative contributions from the case (i) and (ii), it is
troublesome to quantify the result. We do not consider the mixed case in this work.
One of the most important factors when considering the case (ii) is the correlation
between the di-Higgs and single-Higgs processes. If new VLQs contribute to the di-Higgs
triangle diagram, they cannot avoid contributing to the same single-Higgs triangle diagram.
Since the current Higgs precision data strongly prefer the SM-like Higgs boson, we need to
break the correlation in order to enhance the di-Higgs production rate. We find that the key
is non-SM Higgs couplings to fermions, which demands an extension of the Higgs sector.
In this regard, we consider a 2HDM with the VLQs in two limiting cases, the alignment
limit [91–95] (for the SM-like Higgs couplings) and the exact wrong-sign limit [57, 60] (for
non-SM Higgs couplings).
3 Brief review of the 2HDM with VLQs
We consider a 2HDM with VLQs, simply the VLQ-2HDM. The SM Higgs sector is extended
by introducing two complex scalar fields, Φ1 and Φ2. The fermion sector also has new field
components, two additional SU(2)L-doublet VLQs (QL,R) and four SU(2)L-singlet VLQs
(UL,R and DL,R):
two Higgs doublets: Φi =
 w+ivi + hi + iηi√
2
 , (i = 1, 2), (3.1)
VLQ doublets: QL =
(
U ′L
D′L
)
, QR =
(
U ′R
D′R
)
,
VLQ singlets: UL, UR, DL, DR ,
where v1 and v2 are the nonzero vacuum expectation values of Φ1 and Φ2 respectively,
defining tanβ ≡ tβ = v2/v1. In what follows, we use the shorthand notation of sx = sinx,
cx = cosx and tx = tanx for simplicity.
In order to avoid tree-level flavor changing neutral currents, a discrete Z2 symmetry
is imposed under which Φ1 → Φ1 and Φ2 → −Φ2 [96, 97]. According to the Z2 parities of
the fermions, there are four types in the 2HDM: type-I, type-II, type-X and type-Y [98].
In this work, we focus on type-II since only it allows the wrong-sign limit, which will offer
our key benchmark point. The most general scalar potential with CP invariance is written
2New chiral fermions, even in the 2HDM, are excluded by the Higgs precision data and the resonance
searches in the ZZ and W+W− channel [60, 90].
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limit κV ξV κu κd κλ ξλ
alignment 1 0 1 1 1 0
EWS
t2β−1
t2β+1
2tβ
t2β+1
1 −1 t
2
β−1
t2β+1
tβ
1+t2β
[
4
3 −
2(M2H−2M2)
3m2h
]
Table 1: In the type-II 2HDM, the coupling modifiers of the CP -even neutral Higgs
bosons, h and H, in the alignment limit and the exact wrong-sign (EWS) limit. Here
κi = giih/giihSM and ξi = giiH/giihSM for the typical Higgs coupling giih(H). The Higgs
trilinear self-coupling modifiers are named by κλ = λhhh/λ
SM
hhh and ξλ = λHhh/λ
SM
hhh. Note
that M2 ≡ m212/(sβcβ).
as
VΦ = m
2
11Φ
†
1Φ1 +m
2
22Φ
†
2Φ2 −m212(Φ†1Φ2 + H.c.)
+
1
2
λ1(Φ
†
1Φ1)
2 +
1
2
λ2(Φ
†
2Φ2)
2 + λ3(Φ
†
1Φ1)(Φ
†
2Φ2) + λ4(Φ
†
1Φ2)(Φ
†
2Φ1)
+
1
2
λ5
[
(Φ†1Φ2)
2 + H.c.
]
, (3.2)
where m211, m
2
22, and λ1,··· ,4 are real numbers while m212 and λ5 can be complex numbers.
The m212 term softly breaks the Z2 parity. There are five physical Higgs bosons: two CP -
even scalars (a light Higgs h and a heavy Higgs H), one CP -odd scalar A, and two charged
Higgs bosons H± [47]. These mass eigenstates are related with the weak eigenstates in
Eq. (3.1) as(
h1
h2
)
= R(α)
(
H
h
)
,
(
w±1
w±2
)
= R(β)
(
G±
H±
)
,
(
η1
η2
)
= R(β)
(
G0
A
)
, (3.3)
where G± and G0 are the Goldstone bosons eaten by W± and Z respectively. The rotation
matrix R(θ) is
R(θ) =
(
cθ −sθ
sθ cθ
)
. (3.4)
The SM Higgs boson is a linear combination of h and H, given by
hSM = sβ−αh+ cβ−αH. (3.5)
Conforming to the SM-like Higgs boson, we consider two limiting cases, the alignment
limit and the exact wrong-sign (EWS) limit, defined by
alignment: β − α = pi
2
; (3.6)
EWS: β + α =
pi
2
.
In these limiting cases, the h and H coupling modifiers are summarized in Table 1. Here
κi = giih/g
SM
iih and ξi = giiH/g
SM
iih where giih(H) is a typical h(H) coupling constant to
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gauge bosons and fermions. For the Higgs self-coupling modifiers, we use the convention
κλ = λhhh/λ
SM
hhh and ξλ = λHhh/λ
SM
hhh.
In the alignment limit, h behaves exactly the same as hSM (κi,λ = 1) while the heavy
Higgs H is decoupled from the SM (ξV,λ = 0). Note that the resonant di-Higgs production
through gg → H → hh is absent. In the EWS limit, the coupling of the down-type fermion
to the Higgs boson has opposite sign to that of the up-type fermion. Furthermore κV and
κλ deviate from the SM values and the heavy Higgs boson H is not decoupled. If tβ  1,
however, the Higgs couplings become close to the SM ones like |κf,V,λ| ' 1 and ξλ is also
suppressed for large tβ and can be further suppressed by adjusting the free parameter m
2
12.
The Yukawa Lagrangian for the VLQs is
−LVLQ = MQQQ+MUUU +MDDD +
[
YDQΦ1D + YUQ Φ˜2U + H.c.
]
, (3.7)
where Φ˜i = iτ2Φ
∗
i and we assume Y
L
U(D) = Y
R
U(D) ≡ YU(D) for simplicity. The VLQ mass
matrices MD and MU in the basis of (D′,D) and (U ′,U) are
MD =
(
MQ 1√2YDvcβ
1√
2
YDvcβ MD
)
, MU =
(
MQ 1√2YUvsβ
1√
2
YUvsβ MU
)
. (3.8)
The mass eigenstates are (F1,F2)T = R(θF )(F ′,F)T for F = U ,D. The VLQ mixing
angles are given by
s2θD =
√
2YDv
MD2 −MD1
cβ , s2θU =
√
2YUv
MU2 −MU1
sβ , (3.9)
where MU1,2 and MD1,2 are mass eigenvalues for the up-type and down-type VLQs, respec-
tively. We parameterize the Higgs couplings to the VLQ mass eigenstates by
−LVLQ ⊃
∑
i,j=1,2
h
[
yhDiDjDiDj + yhUiUjU iUj
]
, (3.10)
where for F = U ,D they are
yhF1F1 = −yhF2F2 = −
1√
2
YF ξhF s2θF , (3.11)
yhF1F2 = y
h
F2F1 =
1√
2
YF ξhF c2θF .
In type-II, ξhU = cα and ξ
h
D = −sα.
Three major constraints on the VLQ-2HDM are to be discussed. The first one is from
the Higgs precision measurements, especially the loop-induced VLQ contributions to κg:
κγ is less constrained because the h-γ-γ vertex is mainly from W
± boson loops. In the
presence of VLQs, κg becomes
κg = 1 +
v
AH1/2(τt)
∑
i=1,2
∑
F=U ,D
yhFiFi
MFi
AH1/2(τFi), (3.12)
– 7 –
where τf = m
2
h/(4m
2
f ) and the loop function A
H
1/2(τ) is referred to Ref. [99]. The relation
of yhF1F1 = −yhF2F2 in Eq. (3.11) yields considerable cancelation between the contributions
of F1 and F2 to κg. The ATLAS combined result of κg = 1.03+0.07−0.06 [3] is satisfied in most
of the parameter space.
The second constraint is from the direct searches for VLQs at the LHC by the AT-
LAS [100–111] and CMS [112–121] collaborations. The lower mass bounds on the VLQs
depend sensitively on the decay channels of VLQs: if they decay only into the third gener-
ation quarks, the bounds are strong such that MU > 1.31 TeV and MD > 1.03 TeV [111].
The bounds are relaxed into MQ > 690 GeV if the VLQ decays into a light quark q [122].
If H±q mode is open, the VLQ mass bound will further be weakened. In what follows,
therefore, we take the case of MF1 & 600 GeV.
Finally, we consider the strongest constraint on the VLQ-2HDM from the electroweak
precision data, the Peskin-Takeuchi oblique parameters S, T , and U [87, 123]. Based on
more general parametrization in terms of Sˆ, Tˆ , W , and Y [123], we found in the previous
work [47] that the most sensitive oblique parameter Tˆ vanishes in the following ansatz:
zero-Tˆ ansatz: MU1 = MD1 ≡M1, MU2 = MD2 ≡M2, θU = θD ≡ θ. (3.13)
In this ansatz, the up-type and down-type VLQ Yukawa couplings are related as
YUsβ = YDcβ =
s2θ∆M√
2v
, (3.14)
where ∆M = M2−M1. Then the Higgs Yukawa couplings to the VLQs in Eq. (3.11) take
the simple forms of
alignment: yhU1U1 = y
h
D1D1 = −yhU2U2 = −yhD2D2 = −
∆M
2v
s22θ; (3.15)
yhU1U2 = y
h
D1D2 = y
h
U2U1 = y
h
D2D1 =
∆M
2v
c2θs2θ;
EWS: yhU1U1 = −yhD1D1 = −yhU2U2 = yhD2D2 = −
∆M
2v
s22θ;
yhU1U2 = −yhD1D2 = yhU2U1 = −yhD2D1 =
∆M
2v
c2θs2θ.
In the EWS limit, the down-type VLQ Higgs coupling is equal and opposite to the up-
type one, while in the alignment limit they are the same. This feature will determine the
correlation between the VLQ contributions to the single-Higgs and di-Higgs production
rates.
4 Characteristics of the non-resonant NP effects on the di-Higgs process
In this section, we study the phenomenological characteristics of different NP effects on the
non-resonant di-Higgs process. First we need to find a reasonable benchmark point in the
VLQ-2HDM, satisfying σNP/σSM(gg → hh) ' 3 and σNP/σSM(gg → h) ' 1 simultaneously.
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Equation (2.4), σNP/σSM(gg → hh) in terms of δ4, δ, and δ′, will help the exploration.
In the alignment limit which guarantees κλ = 1, the ratio at the 14 TeV LHC is
σ(gg → hh)NP
σ(gg → hh)SM
∣∣∣∣
κλ=1
= 1− 0.37 δ4 + 0.92 δ − 0.28 δ′ (4.1)
+ 0.13 δ24 + 1.57 δ
2
 + 3.54 δ
′2
 − 0.62 δ4δ ,
where Nnpdf30 parton distribution function set is used. In the EWS limit, κλ is slightly
deviated from one: for tβ = 5, κλ ' 0.92 and the ratio is
σ(gg → hh)NP
σ(gg → hh)SM
∣∣∣∣
κλ=0.92
= 1.06− 0.36 δ4 + 0.98 δ − 0.28 δ′ (4.2)
+ 0.11 δ24 + 1.57 δ
2
 + 3.54 δ
′2
 − 0.57 δ4δ .
We analytically calculate the new form factors with finite VLQ masses, which are
almost consistent with the formulae in Ref. [18].3 In order to double-check, we derived
the asymptotic behaviors of the new form factors in the LET, and found them completely
consistent with those in Ref. [88]. For MF  2mh, the new form factors are
δ4 '
∑
i=1,2
[
v
MUi
yhUiUi +
v
MDi
yhDiDi
]
, (4.3)
δ '
∑
i=1,2
[
v2
M2Ui
(
yhUiUi
)2
+
v2
M2Di
(
yhDiDi
)2]
+
∑
F=U ,D
2v2
MF1MF2
(
yhF1F2
)2
,
δ′ ' 0 .
Adopting the zero-Tˆ ansatz in Eq. (3.13), where yhUiUi = y
h
DiDi in the alignment limit
while yhUiUi = −yhDiDi in the EWS limit, the NP form factors are further simplified as
δzero-Tˆ4 '
{
− (∆M)2M1M2 s22θ (alignment);
0 (EWS);
(4.4)
δzero-Tˆ ' (∆M)
2
M1M2
s22θ +
1
2
(∆M)4
M21M
2
2
s42θ (alignment & EWS). (4.5)
As shown in Eqs. (4.1) and (4.5), the contributions from the box diagrams in both limits
are positive to the SM contribution. Moreover, δ is proportional to the quadratic or
quartic terms of the VLQ mass difference ∆M : we need sizable ∆M to enhance the
di-Higgs production rate. In the alignment limit, large ∆M also increases δ4 and thus
the contribution to the single-Higgs production rate. In the EWS limit, however, δ4 is
negligible because of the relation of yhUiUi = −yhDiDi : see Eq. (3.15).
3We found several typos in Ref. [18]. In Eq. (B12), there are three typos: (i) the overall sign in the
right-hand-side should be (+); (ii) “−4(D(1,2,3)27[t,t,t,T ] + · · · ” should be “−8(D(1,2,3)27[t,t,t,T ] + · · · ”; (iii) “· · · −
C
(3,4)
[t,t,T ])}” should be “· · · − 12C(3,4)[t,t,T ])}”. In Eq. (B13), we should replace “−16
(
t√
2
)(
T√
2
)
mtmT (· · · ” by
“−32
(
t√
2
)(
T√
2
)
mtmT (· · · ”.
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Figure 2: The VLQ-2HDM prediction of the di-Higgs production rate and various con-
straints on (δ4, δ) in the alignment (left panel) and EWS (right panel) limits. We set
tβ = 5. The blue contours denote σNP/σSM(gg → hh) by assuming δ′ = 0. The red scatter
dots are allowed by the electroweak oblique parameters at 2σ, the direct LHC search bounds
on the VLQ masses, and the perturbativity of the Yukawa coupling. The red lines are the
results of the zero-Tˆ ansatz. The grey regions are excluded by the current measurement
on the Higgs coupling modifier κg at 2σ.
More correlations between the di-Higgs production rate and other constraints are
summarized in Fig. 2. Over the parameter space (δ4, δ), we present the contours of
σNP/σSM(gg → hh) (blue lines) in the VLQ-2HDM for the alignment limit (left panel) and
EWS limit (right panel) with δ′ = 0 and tβ = 5. As can be seen from the slopes of the
contours, σNP/σSM depends more sensitively on δ than δ4. This is attributed to the larger
coefficients of δ and δ2 than those of δ4 and δ
2
∆ in Eqs. (4.1) and (4.2). The constraints
from the electroweak oblique parameter Tˆ along with the LHC direct searches for the VLQ
and the perturbativity of Yukawa couplings are shown by the scatter plots. The red dots
are allowed by the oblique parameter Tˆ at 2σ [124], through scanning the parameters over
the following range:
MU1,2 ,MD1,2 > 600 GeV, Y¯U (≡ YUsβ), Y¯D(≡ YDcβ) < 4pi . (4.6)
Additionally, we present the results of the zero-Tˆ ansatz by red lines. Finally we show the
2σ exclusion region (grey areas) by the current Higgs precision data of κg = 1.03
+0.07
−0.06 [3]
The alignment and EWS limits exhibit very different behaviors. In the alignment
limit, the result of the zero-Tˆ ansatz (red line) shows a strong correlation of δ ≈ −δ4. In
addition, all of the red dots are closely gathered around the zero-Tˆ ansatz line. A large δ
inevitably leads to a large δ4, which is severely limited by the single-Higgs production rate
such as |δ4| . 0.1. In the alignment limit, therefore, the current LHC Higgs precision data
permit at most 20% increase in the di-Higgs production rate. In the EWS limit, the zero-Tˆ
ansatz (red line) guarantees δ4 ' 0 so that the constraint from κg becomes negligible.
Relaxing the Tˆ constraint within 2σ (red dots) allows much wider spread of the allowed
parameter points in (δ4, δ), quite far from the red line.
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On account of the overall features in Fig. 2, we take the following benchmark point in
the EWS limit for our basic assumption σNP/σSM(gg → hh) ' 3:
benchmark: β + α =
pi
2
, tβ = 5, (4.7)
M1 = 600 GeV, ∆M = 900 GeV, θ = 0.6.
We find that the contributions from U2 and D2 are negligible, below ∼ 1%.
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Figure 3: The distributions of the invariant mass of of the Higgs-boson pair (left panel)
and those of the transverse momentum of of one of the Higgs bosons (right panel) for the
parton level gg → hh process at the 14 TeV LHC. We consider the VLQ-2HDM with full
calculations of the form factors (black solid line), the VLQ-2HDM with the low energy
theorem approximation (black dotted line), the SM (blue solid line), the SM with κλ = 5.5
(brown long dashed line) and κλ = −0.5 (orange dashed line). For the VLQ-2HDM, we
use the benchmark point in Eq. (4.7).
Now we show the Mhh (left panel) and p
h
T (right panel) distributions of the di-Higgs
process at the 14 TeV LHC in Fig. 3. We consider the VLQ-2HDM with full calculations
of the form factors (black solid line), the VLQ-2HDM with the LET approximation (black
dotted line), the SM with κλ = 5.5 (yellow long dashed line) and the SM with κλ = −0.5
(orange dashed line). As a reference, we also present the SM results (blue solid line). All
of the results are at the parton level with the NNLO K-factor K = 1.85 [63, 64, 89, 125,
126]. Obviously, the Mhh and p
h
T distributions in different NP models show meaningful
differences. For κλ = −0.5, both Mhh and phT distributions slightly shift toward lower
region, compared with those in the SM. If κλ = 5.5, the shift is also to the left but much
more significant such that the peak positions in both distributions move about 100 GeV.
In the VLQ-2HDM, both differential cross sections decrease much slowly as Mhh or p
h
T
increases. It is because the box diagrams from VLQs, which mainly enhance the di-Higgs
process, do not have the 1/sˆ suppression at the amplitude level as in Eq. (2.4). Most
of all, we do see the threshold effects appear as the bump structures at the positions of
– 11 –
Mhh ' 2M1 and phT 'M1. Actually, the bumps lift both distributions up in the high-mass
and high-pT regions. Note that if we use the approximated form factors for the VLQ-2HDM
(black dotted lines), the bump structures disappear.
In order to show the differences quantitatively, we calculate the ratio of the di-Higgs
production cross section after phT > 300 GeV cut to their corresponding total cross section:
σ(gg → hh; phT > 300 GeV)
σtot(gg → hh) =

6.1%, (SM)
14.5%, (VLQ-2HDM)
3.2%, (κλ = −0.5)
1.2%. (κλ = 5.5)
(4.8)
We caution the readers that the above results are based on the parton level calculation, so
the results may vary according to the final state in full collider simulation. The results in
Eq. (4.8) clearly show that the high phT cut saves considerable amount of the VLQ-2HDM
events. This is a smoking-gun signature of the VLQ contributions to the di-Higgs process.
5 Simulations, event selections, and analysis at the 14 TeV HL-LHC
In the previous section, we showed that the effects of VLQs on the di-Higgs process could be
distinguished from those of non-SM Higgs trilinear self-coupling by the correlated threshold
structures in the Mhh and p
h
T distributions. However, the di-Higgs channel has a very small
production cross section, raising the concern whether the characteristic feature disappears
in actual experiments. In this section, we present the full collider simulation of the signals
in two final states, hh → bb¯bb¯ and hh → bb¯γγ. The 4b final state has the advantage of
the largest branching ratio of B(hh→ 4b) ∼ 1/3, which has the second-highest sensitivity
next to the bb¯ττ final state [35]. Another important final state is bb¯γγ, which benefits
from clean signal extraction because of a good di-photon invariant mass resolution, despite
much smaller branching ratio B(hh→ bb¯γγ) ' 2.6×10−3. Although we do not make a full
signal-to-background selection analysis here, the correlations among the key observables
of the di-Higgs process may help in designing new search strategies for the possibility of
having VLQs.
The signal events are generated at leading order by using Madgraph5 aMC@NLO
[127, 128] in the SM, the VLQ-2HDM, the SM with κλ = −0.5, and κλ = 5.5. The
VLQ-2HDM model file in the Ufo format is obtained from modifying an existing 2HDM
model file by adding the new contributions of VLQs. We thoroughly checked the Ufo
file by comparing various results with the analytic calculations at parton level. All of the
VLQ-2HDM results in this section are based on the benchmark point in Eq. (4.7). We
have chosen the renormalization and factorization scales to be twice the mass of the SM
Higgs boson. We employ the Nnpdf30 lo PDF set with αs(MZ) = 0.118 [129]. The
generated events are passed to Pythia8 [130] for parton showering and hadronization,
without multiple-parton interactions. We use Delphes as a fast detector simulation [131]
with the ATLAS template. Jets are clustered using the anti-kT algorithm [132] with a jet
radius of R = 0.4 as implemented in FastJets [133].
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Figure 4: The expected number of events, after the basic selection, as a function of
the transverse momentum of the leading dijet (left panel) and the invariant mass of four
leading b-jets (right panel) for gg → hh→ bb¯bb¯ at the 14 TeV LHC with the total integrated
luminosity L = 3000 fb−1. The distributions are for the VLQ-2HDM (black line), the SM
(red), the SM with κλ = −0.5 (blue), and κλ = 5.5 (green).
5.1 bb¯bb¯ final state
For the bb¯bb¯ final state, we follow the ATLAS analysis strategy [73]. We start the event
selection by requiring the presence of at least four b-jets with pbT > 40 GeV and |ηb| < 2.5.
The four leading b-jets, ordered by the transverse momentum of each b jet, are used to form
two separate dijets: two b-jets with the angular distance (∆R =
√
∆η2 + ∆φ2) smaller than
1.5 are identified as one dijet system. This selection step reduces the number of events in
the SM by a factor of about 2.
In Fig. 4, we show the distributions of the transverse momentum of the leading dijet
p
bb(lead)
T (left panel) and the invariant mass of the 4b system for gg → hh→ 4b in the VLQ-
2HDM (black), the SM (red), the SM with κλ = −0.5 (blue), and κλ = 5.5 (green). We
first remark that in the κλ = 5.5 case, the total number of events (originally corresponding
to σNP/σSM(gg → hh) ' 3) is considerably reduced and the peaks of both distributions
are shifted toward low values. This is because some b-jets in the event are too soft to pass
the first selection pbT > 40 GeV [68]. An encouraging observation is that the threshold
effects of the VLQs are visible at the reconstruction level. We can clearly see two bump-like
structures in both p
bb(lead)
T and M4b distributions, peaked at p
bb(lead)
T ∼M1 and M4b ∼ 2M1,
with a minor smearing effect due to the detector angularity. Since the two peak positions
are closely related, a study of the correlation between the two observables will be extremely
useful to probe new VLQs in the di-Higgs process.
Motivated by the correlated bumps in the p
bb(lead)
T and M4b distributions, we study the
double differential cross sections in some key variables. In Fig. 5, we show one as a function
of the transverse momentum of the leading dijet and the transverse momentum of the sub-
leading dijet, d2σ/dp
bb(lead)
T dp
bb(sub)
T , in units of fb/GeV
2. We consider the SM (upper left),
the VLQ-2HDM (upper right), the SM with κλ = −0.5 (lower left) and κλ = 5.5 (lower
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Figure 5: d2σ/dpbb(lead)T dpbb(sub)T in units of fb/GeV2, where pbb(lead)T is the transversemomentum of the leading dijet and pbb(sub)T is that of the subleading dijet, in the SM(upper left), the VLQ-2HDM (upper right), the SM with κλ = −0.5 (lower left) andκλ = 5.5 (lower right).
right). The generic correlation of pbb(lead)T ' pbb(sub)T , originated from the back-to-backmotion of two Higgs bosons, is common for all four models. The main difference is theobservable kinematic area, which is the largest for the VLQ-2HDM and the smallest for thecase of κλ = 5.5. In the region of pbbT > 300 GeV, only the VLQ-2HDM yields substantialnumber of events, which is consistent with the parton-level result in Eq. (4.8). This uniquefeature is very useful for discriminating the VLQ-2HDM.In Figure 6, we display the double differential cross section in the invariant mass andtransverse momentum of the leading dijet for the four models as shown in Fig. 5. Thedistributions are well localized around the SM Higgs boson mass window (M (lead)bb ' mh)in all of the models except for the case κλ = 5.5 where a sizable number of events yieldM (lead)bb . mh. The LHC discovery prospect for κλ = 5.5 is expected to be low, because
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Figure 6: Same as Fig. 5 but for d2σ/dM (lead)bb dpbb(lead)T .
the usual mh window cut removes a considerable part of the κλ = 5.5 signal. Figure 6also shows that the correlation between M (lead)bb and pbb(lead)T is very weak in all of the fourmodels. Therefore, selecting events with high transverse momentum for the leading (or thesubleading) dijet does not alter the requirement on the Higgs boson mass windows.4 Forthe sub-leading dijet, we find that the double differential cross section about its invariantmass and its transverse momentum shows a similar behavior as in Fig. 6.Targeting two correlated bumps around phT 'M1 and Mhh ' 2M1 in the VLQ-2HDM,we present the double differential cross section d2σ/dpbb(lead)T dM4b in Fig. 7. We observea strong correlation along the line of M4b ' 2pbb(lead)T in all of the four models. Theunique feature of the VLQ-2HDM is the extent of the observable correlation as well as its4Due to the different dynamics of the 4b from other decay modes of the di-Higgs process, the signalregion requires Xhh < 1.6 where Xhh = √(M(lead)bb −124 GeV0.1M(lead)bb
)2 + (M(sub)bb −115 GeV0.1M(sub)bb
)2. Here a resolution of10% on the mass of the two dijets is assumed.
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Figure 7: Same as Fig. 5 but for d2σ/dpbb(lead)T dM4b.
asymmetrical behavior toward the hard regions in M4b. High Mhh cut along with high phTcut will be one of the most sensitive probes for the VLQ-2HDM effects on the di-Higgsprocess.
5.2 bb¯γγ final stateFor the analysis of the bb¯γγ final state of the di-Higgs process, we follow the ATLAS re-ports [134, 135]. For the photon identification efficiency γ , we fit to the ATLAS simulationresults and obtain the following dependence of γ on the photon transverse momentum pγT :
γ = 0.888 ∗ tanh(0.01275 pγTGeV
) . (5.1)
The probabilities for a jet and an electron to fake a photon, the photon fake rates, arePj→γ = 5 × 10−4 and Pe→γ = 2% (5%) in the barrel (endcap) region [134]. For the btagging efficiency, we have fully adopted the dependence of b on the transverse momentumand rapidity of the b-jet in Fig.7(b) of Ref. [136]. The misidentification probability of the
– 16 –
Table 2: Sequence of the event preselection in hh→ bbγγ channel at the HL-LHC.
Sequence Event Preselection at the HL-LHC
1 Di-photon trigger condition:
≥ 2 isolated photons with pγT > 25 GeV and |ηγ | < 2.5
2 ≥ 2 isolated photons with pγT > 30 GeV, |ηγ | < 1.37 or 1.52 < |ηγ | < 2.37,
and ∆Rjγ > 0.4
3 ≥ 2 b-jets with leading (sub-leading) pbT > 40(30) GeV and |η| < 2.4
4 0.4 < ∆Rbb < 2.0 and 0.4 < ∆Rγγ < 2.0
charm quark jet as the b-jet, Pc→b, depends not only on the b-tagging efficiency but also
the transverse momentum and rapidity of the c-jet. The b dependence is incorporated
by taking the multi-variate MV1 b-tagging algorithm with Pc→b ' 1/5 for b = 0.7 and
Pc→b ' 1 as b → 1 [137]. The dependence of Pc→b on pcT and ηc is also included. For
the light-jet fake rate as the b jet, we take Pj→b = 1/1300 [134]. The pile-up effects are
not considered, based on the reasonings in Ref. [68]. The last consideration for a realistic
analysis is the energy loss in the b momentum reconstruction, which is taken into account
by the jet-energy scaling factor of
XEb =
√
(3.0− 0.2|ηb|)2
pbT /GeV
+ 1.27 , (5.2)
where the factor 1.27 is obtained by requiring a correct peak position at Mbb = mh.
Referring to the ATLAS di-Higgs study in Ref. [134], we take a sequence of the event
preselection for gg → hh→ bbγγ in Table 2. We found that other preselections in Ref. [134]
are not useful for our signal. In Table 3, we show the efficiencies of each sequence in four
different models. The efficiencies are similar for the SM, the VLQ-2HDM, and the SM
with κλ = −0.5, being about 4-5% at the final step. In the case κλ = 5.5, however, the
efficiency dramatically drops after the Selection-4, about a third of that in the other three
models. This is because the most events for the case κλ = 5.5 are with ∆Rγγ > 2.0 region
like the main SM backgrounds [68]. Even considering σNP/σSM ' 3 for κλ = 5.5, σ × B
is about 80% of the SM result after the Selection-4. It is very challenging to probe at the
HL-LHC.
In Fig. 8, we present d2N/dpγγT dMbb¯γγ , the distribution of the number of events versus
the transverse momentum of the di-photon and the invariant mass of bb¯γγ, in the SM
(upper left), the VLQ-2HDM (upper right), the SM with κλ = −0.5 (lower left), and
κλ = 5.5 (lower right). Since the bb¯γγ final state has an extremely small cross section,
we show the distribution of the number of events corresponding to the total integrated
luminosity of 3000 fb−1. The overall characteristics are very similar to those in the bb¯bb¯
final state: there is a strong correlation along the line Mbb¯γγ ' 2pγγT in all of the four
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Table 3: Cut flow efficiencies of four models for the di-Higgs process in the bb¯γγ final state
at the HL-LHC.
Sequence SM VLQ-2HDM κλ = −0.5 κλ = 5.5
1 27.60% 29.71% 25.19% 20.46%
2 25.47% 25.88% 23.02% 18.12%
3 19.31% 18.35% 17.27% 12.86%
4 5.43% 4.78% 4.14% 1.51%
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Figure 8: The distribution of the number of events versus the transverse momentum of
the di-photon and the invariant mass of bb¯γγ for the bb¯γγ final state of the di-Higgs process
at the HL-LHC. We consider the SM (upper left), the VLQ-2HDM (upper right), the SM
with κλ = −0.5 (lower left), and κλ = 5.5 (lower right).
models; the VLQ-2HDM yields the widest spread up to high pγγT and Mbb¯γγ ; the κλ = 5.5
case prefers small pγγT and Mbb¯γγ , compared with the other models. If we count the bins
with d2N/dpγγT dMbb¯γγ > 1/GeV
2, however, it is very difficult to see the difference among
different NP models. Moreoever, the isolation condition, ∆Rγγ ,∆Rbb > 0.4, also restricts
the power to detect high pγγT , p
bb¯
T regions in the bb¯γγ final state. In summary, the bb¯γγ final
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state plays a complementary role in observing the di-Higgs process, but not appropriate
for the deeper study of NP.
6 Conclusions
With the aim of disentangling different NP contributions to the di-Higgs process from
gluon fusion, we have studied the phenomenological characteristics of the kinematical dis-
tributions, focusing on the double differential cross sections. For illustration purpose, we
assume that the NP effects would first appear in the total production cross section, being
three times as large as the SM expectation. Since we can easily identify resonant di-Higgs
production, we concentrated on the non-resonant NP effects from non-SM Higgs trilinear
couplings (κλ = −0.5 or κλ = 5.5) and the new colored fermions running in the loop. For
the latter, we need a concrete NP model for a comprehensive study since new quarks, which
enhance the di-Higgs production rate, should similarly act in the single-Higgs production.
In this work, we have studied a type-II 2HDM with vectorlike quarks, called the VLQ-
2HDM. The electroweak oblique parameters remain almost the same as in the SM by
adopting an ansatz that guarantees a vanishing Tˆ , called the zero-Tˆ ansatz: see Eq. (3.13).
We analytically calculated the new form factors from the VLQs. In order to show the role of
the Higgs-fermion-fermion couplings in breaking the correlation between the di-Higgs and
single-Higgs processes, we considered the alignment limit and the exact wrong-sign (EWS)
limit. In the alignment limit, both up-type and down-type VLQs have the same-sign
couplings to the Higgs boson, so that their contributions to the triangle diagrams of the di-
Higgs process are constructive to each other. Moreover they are strongly correlated with the
VLQ contributions to the box diagrams. As the single-Higgs process has the same triangle
diagrams, we cannot accommodate σNP/σSM(gg → hh) ' 3 and σNP/σSM(gg → h) ' 1
simultaneously: the maximum increase of the di-Higgs production rate allowed by the
observed κg is only 20%. In the EWS limit, however, the down-type and up-type VLQs
have opposite sign Yukawa couplings, thus yielding a considerable cancellation between
their contributions to single-Higgs production. The box diagrams do not have this kind of
cancellation because their amplitudes are proportional to the square of the Higgs-fermion-
fermion coupling. Significant enhancement of the total production cross section of the
di-Higgs process is feasible in the EWS limit, where we took a benchmark point.
First at parton level, we calculated the kinematic distributions for the gg → hh process
in three NP models, κλ = −0.5, κλ = 5.5, and the VLQ-2HDM. Although they have
almost the same total production cross section of σNP/σSM(gg → hh) ' 3, the Mhh and
phT distributions show quite significant differences. The κλ = −0.5 model yields similar
distribution shapes to the SM results. In the κλ = 5.5 model, both distributions apparently
shift toward low Mhh or p
h
T region such that the peak position moves about 100 GeV. This
feature makes the κλ = 5.5 model very challenging to probe at the LHC, because the SM
backgrounds to the di-Higgs process such as 4b, bb¯cc¯, and tt¯ are populated in the low
phT region. The VLQ-2HDM showed its unique and distinctive features in the Mhh and
phT distributions, benefiting from the VLQ threshold effects. At parton level, we could
clearly see the bumps around Mhh ' 2M1 and phT ' M1, where M1 is the lightest VLQ
– 19 –
mass. Moreover, the bumps of the threshold origin from heavy VLQs naturally lift up the
kinematic distributions of Mhh and p
h
T into high regions. The doubly high region, with
high Mhh and high p
h
T , can be the exclusive territory of the VLQ-2HDM for the di-Higgs
process.
We also have completed the analysis with full collider simulations for the di-Higgs
signals in the VLQ-2HDM, the SM, the SM with κλ = −0.5, and with κλ = 5.5. Two final
states, bb¯bb¯ and bb¯γγ of the decays of the Higgs-boson pair, were studied. Fortunately, many
characteristic features at the parton-level calculation survived even after parton showering,
hadronization, and detector simulations. The bump structures in the distributions of Mhh
and phT , though being smeared a little bit, are maintained, and the positions of the peaks
roughly stay at the same place. Motivated by the correlation of the bumps in Mhh and p
h
T
distributions, we studied various double differential cross sections. In the bb¯bb¯ final state,
we first found that any selection on the transverse momentum of the leading (or the sub-
leading) dijets since a Higgs boson candidate barely alters its invariant mass. The smoking-
gun signature appears in d2σ/dMhh dp
h
T . All four models showed a strong correlation along
the line of Mhh ' 2phT , which is also useful to search for the SM di-Higgs process itself.
Distinguishing the VLQ-2HDM from other NP models is possible in the bb¯bb¯ final state as
the observable correlation line of Mhh ' 2phT is the longest, extending far toward high phT
region: the case κλ = 5.5 has the shortest. However, the bb¯γγ final state has too small signal
rate, not appropriate to see the difference among the NP models. In summary, we expect
that our observation of the correlation between Mhh and p
h
T distributions for disentangling
the NP effects on the di-Higgs process can help the NP search at the HL-LHC.
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